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ROYAL  AIRCRAFT  ESTABLISHMENT.  FARNBCROUGH 
Weight  estimates  for  long-range  surface-to-air  guided  missiles 

by 

D.  G-.  King-Hele 
and 

H.  Hiller 


*  SUMMARY 

Weight  estimates  are  made  for  high-altitude  surface-to-air  missiles 
having  ranges  between  30  and  200  n. miles,  and  the  effeots  of  eleven  design 
parameters  are  investigated.  Propulsion  is  by  ramjet,  and  guidance  is 
tacitly  assumed  to  include  a  mid-oourse  phase,  followed  by  radar  homing  in 
the  terminal  phase.  The  ’standard1  missile,  after  rocket  boost  to  1.2 
at  sea  level,  climbs  under  ramjet  power,  steeply  at  first  and  then  more 
gently  in  the  stratosphere,  so  that  it  reaches  its  design  altitude  of 
70,000  ft  at  a  Mach  number  M  of  3  and  a  ground  range  of  about  25  n. miles. 
This  standard  missile  carries  a  payload  (warhead  +  guidance)  of  700  lb, 
develops  a  maximum  lateral  acceleration  of  8g  at  design  altitude,  and  is 
assumed  to  suffer  an  r.m.  s.  lateral  acceleration  of  2g  in  its  mid-oourse 
flight.  The  estimated  weight  of  the  missile  for  100  n.  miles  range  at 
70,000  ft  altitude  is  about  1900  lb  without  boosts  (see  Fig.1  for  sketch). 
Estimates  are  made  of  the  changes  in  weight  resulting  from  changes  in  design 
altitude,  range,  missile  diameter,  payload  weight,  payload  density,  maximum 
lateral  acceleration,  r.m.  s.  lateral  acceleration,  boost  Mach  number,  pro- 
>  pulsion  and  layout  (Figs.  8-17).  The  propulsion  range  of  the  standard  mis¬ 

sile  (designed  for  70,000  ft  altitude)  on  various  trajectories  -  ujp-end-along, 
up-along-down-along,  and  beam-riding,  to  target  altitudes  between  36,000  and 
70,000  ft  -  is  also  given  (Figs. 21-29). 
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1  Introduction 

The  British  eurfaoe-to-edr  guided  wee  pons  now  being  developed  wore 
designed  primarily  to  meet  the  threat  from  subsonic  boshers  flying  st  alti¬ 
tudes  up  to  50,000  ft  and  dropping  oanvwntlonal  bcnbs.  These  'Stag*  1  * 
missiles  bars  marl  sun  ranges  of  about  20  n.  miles  and  their  manoeuvrability 
is  inadequate  to  deal  with  evading  targets  at  altitudes  substantially  above 
50,000  ft.  The  need  to  extend  these  altitudes  and  ranges  has  long  been 
apparent  and  attention  has  now  turned  towards  missiles  designed  for  inter¬ 
ception  st  ranges  of  about  100  n.  miles  end  altitude!  up  to  about  70,000  ft. 

Single-stage  guidance  systems,  as  usad  in  the  Stage  1  eurfaoe-to-air 
weapons,  will  be  unable  to  meet  the  near  Interception  tenge  requirements , 
even  when  stretched  to  the  limit  of  technical  possibility*  Guidance  must 
therefore  be  divided  into  two  phases,  a  mid-course  These  (of  as  yet 
unspecified  type),  which  brings  the  missile  near  enough  to  the  target  to 
carry  out  a  terminal  radar  homing  phase.  The  honing  nay  be  either  send^ 
active  or  active,  these  'two  alternatives  being  associated  respectively  with 
the  'Stage  1$'  and  'Stage  2*  defence  systems. 

Beoause  of  the  present  uncertainties  about  guidance  and  about  target 
behaviour,  the  effeots  of  eleven  design  parameters  were  investigated  in  this 
Note.  To  keep  the  work  within  reasonable  bounds  standard  values  were  ahoeen 
for  e&ah  of  these  parameters  and  each  was  then  varied  in  turn.  The  para¬ 
meters  are  listed,  together  with  standard  values  and  the  ranges  of  values 
covered,  in  Table  I.  1 

Table  I 

The  eleven  daaign  parameters  and  their  values 


Parameter 

Synbol 

Unit 

Standard  value 

Range  of  values 

Design  altitude 

*1 

ft 

70,000 

50,000-80,000 

Range 

X 

n.  miles 

87(or  100) 

30  -  200 

Missile  body  diameter 

d 

2 

1.6  -  3 

Payload  (warhead  ♦ 
guidance) 

lb 

700 

500  -  1200 

Payload  density 

Ib/cu  ft 

52 

25-100 

Max.  available  lateral 
acceleration 

N 

8 

8 

5-12 

Steady  r*m.s*  lateral 
acceleration 

B 

8 

2 

1  -  4 

Mach  No.  at  end  of  boost 

E9 

- 

2 

1*7  -  2.2 

Standard  type 

Variants 

Propulsion 

ramjet 

turbojet  and  rocket 

layout 

fixed-wing 

moving-wins 

Trajectory 

up-aad-along 

up-alaog-down-aloug.  Baa^ridlng 

Tha  standard  missile,  powered  by  ramjet  and  boosted  to  X  m  2  as  table  Z 
implies,  oUaba  at  ibout  T99  to  the  borisontal  as  fir  as  36.000  ft  altttuds 
and  than  more  gently,  at  a  amen  angle  of  about  15°,  to  its  design  altitude 
of  70,000  ft  which  it  reaches  st  its  design  speed  of  X  •  3  *nd  st  a  range 
of  23  n.adlem. 
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2  Range  and  design  altitude 

The  expected  threat,  which  ia  little  better  then  a  gueaa  at  present,  must 
determine  the  ohoioe  of  missile  range  and  design  altitude.  So  a  fairly  wide 
bracket  of  values  of  both  range  and  design  altitude  had  to  be  oenrered  here. 

Some  upper  limits  pen  however  be  set.  The  early-warning  range  will  sot  nor¬ 
mally  exceed  230  milaa  and  sinoe  the  target  may  fly  aa  faat  as  the  missile,  a  ' 
missile  range  greater  then  about  130  miles  is  not  often  likely  to  be  useful, 
even  if  the  missile  launching  area  ia  30  milaa  behind  the  early-warning  station. 

100  n.  miles  has  therefore  been  taken  a a  a  convenient  round  figure  for  mis  Bile  , 

range,  and  ranges  up  to  20C  n. miles  (or  sometimes  400 )  have  been  oowered.  As 
ref.4  shows,  missile  weight  tends  to  become  excessive  if  8g  lateral  accelera¬ 
tion  has  to  be  produced  at  altitudes  above  80,000  ft  by  aerodynamic  means. 

80,000  ft  has  therefore  been  taken  as  an  upper  limit  for  design  altitude. 

(Design  altitude  ia  defined  as  the  mn-r-tmum  altitude  at  which  the  design  lateral 
acceleration,  here  usually  8g,  can  be  developed* )  The  altitude  for  which  the 
Stage  1  missiles  were  designed,  30,000  ft,  has  been  taken  as  the  lower  limit 
for  design  altitude.  It  is  thought  that  the  fastest  targets  likely  are  M  » 

2 .5  to  3,  and  for  these  the  optimum  operating  altitude  will  probably  be  about 
60-65,000  ft.  They  may  however  fly  for  short  periods  at  up  to  5-10,000  ft 
higher.  So  70,000  ft  has  been  taken  as  the  standard  design  altitude. 

3  Guidance  and  warhead 

As  stated  in  the  Introduction  it  is'  assumed  that  missile  guidance  oonsiats 
of  a  mid-course  phase,  operating  from  launch  until  the  missile  is  near  enough 
to  the  target  to  loak-on  its  homing  head,  and  a  terminal  homing  phase.  It  is  > 

further  assumed  that  for  active  terminal  homing  a  oomaon  transmitting  and 
receiving  aerial  can  be  used. 

The  form  of  mid-guidance,  as  yet  unsettled,  effects  three  of  the  missile 
design  parameters,  namely: 

(1)  Weight  of  guidance  equipment.  To  quote  two  of  the  possibilities: 
inertia  mid— course  guidance  might  weigh  about  200  lb;  beam-riding 
perhaps  150  lb. 

(2)  Trajectory.  If  target  altitude  were  known  it  would  no  doubt  be 
possible  for  the  missile  to  fly  on  an  up-end-along  trajectory  or 
up-along-down-along  (i.e.  climb  to  optimum  cruising  altitude;  level 
flight  there;  desoent  to  target  altitude;  IQ-20  miles  level  flight 
there).  In  the  absence  of  information  about  target  altitude,  which 
might  be  denied  by  jamming,  the  missile  might  have  to  fly  on  a  line- 
of -sight  trajectory,  which  would  lead  to  much  higher  fuel  oonataption. 

All  three  types  of  brajectcry  have  been  investigated  here. 

(3)  Mean  lateral  acceleration  demanded  during  the  mid-course  phase.  This 
will  depend  on  (a)  the  method  of  guidance  (e.g.  beam-riding  or  pro¬ 
portional  navigation),  (b)  the  limit  chosen  for  missile  lateral 
acceleration  during  sdd-oourse  (this  limit  oould  probably  be  much 
lower  than  the  rr»rinm  available ) ,  and  (o)  the  time  interval  between 
the  oomaanda  to  the  miss  lie  to  change  course.  Here  an  r.swe.  lateral 
acceleration  of  2g  has  been  taken  as  standard  and  values  between  1g 
and  4g  have  been  oovered. 

Srrors  in  missile  position  and  heading  at  the  end  of  mid-course  guidance, 
again  not  yet  known  at  all  accurately,  affect  the  required  honing-head  look-on 
range,  *<«>»  in  turn  depends  on  dish  disaster.  (Ref. 6  studies  the  effects  of 
range  end  aid-course  errors  on  interception  probability.)  Here  the 
standard  i*  disaster  has  been  taken  as  2  ft,  corresponding  to  a  dish 

of  perhaps  20  laotoes,  and  missile  disasters  between  1*6  ft  sad  3  ft 
have  been  considered. 
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Two  other  design  parameters,  the  maximum  lateral  acceleration  and  the 
warhead  weight,  depend  on  the  expected  behaviour  of  missile  and  target  in 
the  final  phase  (assuming  missile  manoeuvrability  is  adequate  to  correct  mid- 
oourse  errors).  The  values  whioh  ought  to  be  chosen  for  these  two  parameters 
remain  uncertain,  if  only  because  the  evasive  manoeuvre  of  the  target,  and 
its  radar-ref looting  and  structural  properties  are  unknown.  For  maximum 
lateral  acceleration,  8g  has  here  been  taken  as  standard,  values  between  5g 
and  12g  being  covered. 

To  deal  with  the  uncertainties  about  warhead  and  guidance  weights, 
payloads*  between  500  and  1  200  lb  and  payload  densities  between  25  and 
100  Ib/cu  ft  have  been  covered.  The  standard  payload  is  fOO  lb,  and  the 
standard  density  is  52  Ib/ou  ft,  implying  roughly  equal  division  of  the 
700  lb  between  guidance  and  warhead. 

4  Propulsion,  speed  and  trajectory 

4.1  Choice  of  propulsion 

References  1-5  provide  comparable  weight  estimates  for  surface-to-air 
missiles  powered  by  rocket,  ramjet  or  turbojet  engines.  From  these 
References  it  is  possible  to  obtain,  either  directly  or  with  minor  modifi¬ 
cations,  weight-versus-range  curves  for  missiles  carrying  a  payload  of 
340  lb,  having  a  design  llaeh  nunber  of  2  and  a  maximum  lateral  acceleration 
of  about  lOg,  flying  on  either  up-and-along  trajectories  to  45*000  ft  altitude 
(refs. 1-3)  or  beam-riding  trajectories  to  65*000  ft  altitude  (ref. 4).  These 
comparable  curves  are  plotted  in  Fig.  2,  the  full  lines  referring  to  up-and- 
along  trajectories  to  45,000  ft  and  the  broken  lines  to  beam-riding  trajec¬ 
tories  to  65,000  ft. 

Fig. 2  shows  that,  for  ranges  greater  than  30  miles,  ramjet  missiles  are 
considerably  lighter  than  rockets  for  45*000  ft  design  altitude,  and  that 
this  superiority  increases  under  the  severer  conditions  of  beam-riding  to 
65*000  ft.  Also,  for  ranges  up  to  about  150  n.miles,  ramjet  missiles  are 
appreciably  lighter  than  turbojet  missiles  for  45*000  ft  altitude  -  though  it 
should  be  emphasised  that  quite  a  small  reduction  in  turbojet  specific  weight 
oould  cancel  out  this  advantage. 

When  speed  is  increased  above  U  c  2,  ramjet  efficiency  improves  rela¬ 
tive  to  turbojet  and  rocket.  In  the  missiles  of  this  Note  therefore,  where 
speeds  up  to  M  =  3  are  used,  the  rocket  is  not  likely  to  show  to  advantage. 
From  Fig. 2  it  would  appear  that  the  turbojet  might  be  competitive  with  the 
ramjet  at  the  longest  ranges,  although  increasing  speed  to  M  ■  3  and  alti¬ 
tude  to  70,000  ft  will  tilt  the  scales  in  favour  of  the  ramjet.  For  at 
M  a  3  the  turbojet's  fuel  consumption  is  only  a  little  less  than  the  ramjet's 
and  the  higher  engine  weight  leads  to  higher  empty  weight  and  hence  greater 
wing  and  control  surface  area  to  maintain  a  given  lateral  acceleration  and 
oontrol  time-lag.  A  few  weight  estimates  have  been  made  for  rocket  and  turbo¬ 
jet  missiles  to  give  some  idea  of  the  weight  increases  whioh  would  occur,  but 
most  of  the  results  are  for  ramjet  missiles. 

A  fixed-geometry  ramjet  motor  has  been  assumed  because  it  was  thought 
that  the  extra  weight  of  a  variable  Intake  or  exit  nozzle  would  be  greater 
than  the  fuel  saved* 


*  Payload  io  defined  as  warhead  (including  fuse)  plus  guidance  (including 
guidance  power  supplies,  but  excluding  redone). 
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4.2  Missile  speed 

4*2.1  Pa«lff>  apwaA 

The  missile  design  U&oh  number  XL)  (l«e.  the  Maah  number  la  level  flight 
at  design  altitude,  7^,000  ft)  has  here  been  taken  as  3*  The  arguments  which 
point  towards  this  value  are  discussed  below  under  four  headings* 

(a)  Aerodynamic  lift 

The  wing  area  needed  to  produce  a  given  lateral  acceleration,  and  the  oon- 
trol  surface  area  needed  to  secure  a  given  control  time-lag  both  decrease  as 
speed  increases.  As  a  result  there  would  be  a  sharp  reduction  in  missile  weight 
as  It)  was  Increased  from  2  to  3  (other  things  being  equal),  though  little 
would  be  saved  by  going  above  X)  «  3  because  the  wings  and  controls  would  then 
already  be  fairly  small.  If  motors,  fuel  and  body  structure  formed  a  fixed  per¬ 
centage  of  all-up  weight,  5Qj£»  the  missile  weights  for  Mj  ■  2,  3  and  3*5  would 
be  about  2400  lb,  1850  lb  and  1750  lb  respectively  for  a  payload  of  700  lb.  If 
turning  circle,  and  not  lateral  acceleration,  were  the  quantity  which  ought  to 
be  kept  constant  as  speed  increases,  these  weight  differences  would  be  less. 

(b)  Engine  performance 

Boost  weight  tends  to  become  excessive  if  a  Mach  number  much  greater  than 
2  is  demanded  at  boost  separation.  The  ramjet  motors  should  therefore  be 
capable  of  accelerating  the  missile  from  a  Mach  nunber  near  2  to  its  design 
Mach  number.  Now  it  is  difficult  to  design  a  fixed-geometry  ramjet  with  good 
performance  over  a  wide  range  of  Mach  number:  with  the  Icnrest  M  near  2, 

M  a  3.5  can  probably  be  regarded  as  an  upper  limit  if  a  reasonably  efficient 
design  is  sought.  No  advantage  is  gained,  however,  by  going  above  M  ■  3#  for 
with  a  simple  oonioal-oentrebody  intake,  specific  fuel  consumption  tends  to  fall 
as  design  Mach  number  increases  from  2  to  3  and  then  to  rise  again  for  Mj  >  3 
(see  e.g.  Pig. 1(a)  of  ref .8). 

(o)  Heating 

Aerodynamic  heating  becomes  much  more  86701*0  as  speed  is  increased  between 
M  a  2.5  and  3*5>  The  equilibrium  boundary-layer  temperatures  at  M  a  2.5,  3 
and  3*5  are  about  190°C,  280°C  and  390°C  respectively.  The  missile  akin, 
though  it  would  only  locally  reach  these  temperatures  during  the  comparatively 
short  time  of  flight,  would  probably  have  to  be  of  steel  for  M  ■  3»  and 
materials  for  the  radome  present  a  more  serious  aid  as  yet  unsolved  problem. 
Increasing  speed  from  M  ■  3  to  M  »  3*5  would  seriously  aggravate  the 
difficulties. 

(d)  Defence  taotios 

Tactically,  high  speed  is  an  advantage.  Per  a  given  guidance  range  inter¬ 
ceptions  can  be  made  further  from  the  launcher  and  a  single  group  of  launchers 
can  defend  a  wider  front.  Pig.  3  shows  the  areas  within  which  interceptions  oan 
be  made,  for  various  values  of  missile/target  speed  ratio  WVj.  A  missile 
boosted  to  M  ■  2  might  have  a  mean  ground  speed  of  2600  fyseo  if  its  design 
Maoh  number  M«  were  3*  or  2200  ft/seo  if  Mj  ■  2.5#  i.e.  against  a  2900  ft/ 
aeo  target  T^/Vm  «  1.04  and  0.88  in  the  two  oases.  So  reducing  Mj  from  3 
to  2.5  reduces  the  lateral  cover  30  miles  ahead  of  the  launcher  from  about  160 
to  about  125  miles  (see  Pig.  3).  The  higher  the  missile  speed  too,  the  less 
danger  there  is  from  feint  attacks#  when  the  enemy  approaches  the  defences  to 
draw  their  fire,  and  then  turns  and  retreats. 

Individually,  these  four  arguments  are  not  oogent  to  Justify  *ny 

precise  choice  of  Mach  amber.  Taken  together,  however,  they  seem  to  point  to 
a  value  not  far  from  3  **  the  best  oaqprandse. 
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4*2*2  Boost  speed 

A  similar  compromise  oust  be  sought  in  ohooslcg  the  M&oh  number  at  the 
end  of  boost.  Mg.  Since  a  ramjet  oan  provide  a  given  thrust  at  a  nuoh  lower 
fuel  consumption  than  a  solid-fuel  rooket  for  Maah  numbers  between  1*5  and  3, 
the  aooeleration  in  this  phase  oan  bast  be  done  by  ramjet,  provided  of  oourse 
that  the  thrust-drag  margin  at  the  lowest  speeds  is  great  enough*  Heating 
problems  too  are  eased  if  the  Maah  number  is  kept  as  low  as  possible  during 
the  early  part  of  the  climb,  where,  for  given  U,  heating  rates  will  be 
highest.  Thus,  if  the  ramjet  motor  design  is  fixed,  it  would  seem  best  to 
find  the  Maah  number  Mq  at  whioh  the  motors  oan  Just  aooelerate  the 
missile  on  same  suitable  olimb  path,  and  to  choose  for  Mo  a  value  very 
little  above  Mg  m*n  -  only  enough  to  provide  &  safety  margin*  If  the  motor 
design  is  not  fixedhowever,  the  question  whioh  arises  is:  "How  far  should 
the  motor  design  be  biassed  to  give  low  values  of  Mq  i*e.  high  thrust 

at  low  Maah  number?"  Only  a  grossly  quantized  answer  oan  be  given.  With  a 
design  Maah  number  of  3  it  is  oertainly  worth  modifying  ramjet  design  to  give 
good  thrust  down  to  M  a  2.5,  since  this  oan  be  done  with  little  loss  in 
thrust  or  inorease  in  fuel  oonsumsption*  It  is  probably  worth  further  modify¬ 
ing  the  design  to  give  good  thrust  down  to  M  ■  2,  since  the  losses  In  design 
thrust  etc.  are  not  prohibitive  and  the  saving  in  boost  weight  is  large  (about 
0*73  X  missile  weight).  It  is  almost  oertainly  not  worth  striving  for  high 
thrust  at  M  a  1*3,  since  (l)  the  ramjet  is  fundamentally  leas  efficient  at 
this  Maah  number,  (2)  a  Maah  number  range  of  1 .5-3  is  too  wide  for  a  fixed 
geometry  ramjet,  and  (3)  less  is  saved  in  boost  weight  in  going  from  Me  a  2 
to  Mg  a  1.5  (about  0.45  x  missile  weight). 

Again,  these  arguments  are  by  no  means  conclusive,  but  they  do  point 
towards  a  value  near  2  for  Mq.  Here  therefore  the  engine  design  was  oho  sen 
with  a  boost  Maah  number  of  2  in  mind.  The  effects  of  changing  Mq, 
retaining  the  same  engine,  were  afterwards  investigated. 

4*3  Oholoe  of  engine  design  parameters 

In  ahoosing  the  engine  design  characteristics  the  aim  must  be  to  produce 
a  motor  whioh  develops  Just  enough  thrust  both  for  level  flight  at  design 
speed  at  design  altitude,  and  for  olimb  at  lower  speeds  and  altitudes.  A  pre¬ 
liminary  estimate  of  the  requirements  for  the  missiles  in  this  Note  suggested 
that  the  engine  would  be  well  matohed  to  the  two  requirements  if  its  net 
thrust  ooeffioiant  oj>  were  roughly  the  same  at  M  ■  2  and  M  ■  3*  thus 
implying  that  om  should  have  a  maximum  somewhere  between  M  ■  2  and  M  ■  3 

while  not  dropping  too  far  below  this  value  at  either  M  ■  2  or  M  a  3.  On 

an  up-and-along  trajectory  to  70,000  ft  altitude  and  100  n. miles  range, 
roughly  £  of  the  fuel  is  used  in  the  first  half  of  the  olimb  (M  a  2.0  to  2,6), 

i  in  the  second  half  (M  ■  2,6  to  3*0),  and  i  in  level  flight  (m  a  3);  so  low 

apeoifio  fuel  consumption  is  important  throughout  the  speed  range. 

In  response  to  &  request  framed  on  these  rather  vague  lines,  N.G.T.S., 
Pyeatook  chose  an  engine  design  and  provided  the  ourves  of  net  thrust  coeffi¬ 
cient  oj  and  specific  fuel  consumption  o  plotted  in  F±g.4«  Dte  engine 
has  a  simple  oonioal-oentrebody  intake,  with  oone  angle  60®,  and  ahoak-on-lip 
at  M  m  2.6.  After  passing  through  the  cylindrical  oombustion  chamber  the 
gas  stream  enters  an  exit  nozzle  with  throat/ inlet  area  ratio  of  0.85, 
expending  again  to  ocatoustion  ohaaber  area  at  the  exit  plans.  On  a  typical 
missile  trajectory  with  Maah  number  2  si  end  of  boost,  2.6  st  the  tropopause 
and  3  at  design  altitude,  the  values  of  og  at  the  three  corresponding  points 
are  0*81 ,  1.06  and  0*79  based  on  oaafeustlcn  ohaaber  aroaa-aeotional  aurea, 
while  the  three  values  of  a.f.o.  are  3-7,  3*1  end  3*4  Ib/hr/lb  thrust.  These 
values  are  for  standard  a  teo  spheric  conditions. 

then  the  missile  has  to  fly  level  or  in  shallow  olihba  at  altitudes  much 
lower  than  its  design  altitude  it  is  often  desirable  to  reduce  thrust  to  save 
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fuel  and,  by  keeping  down  the  speed,  to  minimize  aerodynamic  heating*  7ig*5 
shows  how  the  ramjet  thrust  coefficient  and  speoifio  fuel  consumption  in  the 
stratosphere  vary  when  fiel/air  ratio  is  reduced*  The  most  striking  feature  of 
Fig* 5  is  that  for  this  particular  engine  the  s*f*o*  is  hardly  altered  whan  the 
fuel/air  ratio  is  reduced,  i*e*  that  if  the  thrust  can  be  out  by  *  oertain  per¬ 
centage  the  fuel  consumption  is  reduoed  by  roughly  the  same  percentage. 

4*4  Choloe  of  ollnfc  path 

For  the  purposes  of  this  Note  it  was  decided  to  approximate  to  the 
olinh  path  with  two  straight  lines,  one  from  sea  level  to  36,000  ft  altitude, 
and  the  other  from  36,000  ft  to  design  altitude,  visually  70,000  ft.  The  fuel 
consumption  and  the  Mach  nuntoer  during  flight  can  then  be  calculated  with 
adequate  accuracy  by  an  analytical  method  (given  in  the  Appendix),  and  it  has 
been  shown  previously  (see  e.g.  ref.  9)  that  such  dog-leg  paths  provide  excel¬ 
lent  approximations  to  more  realistic  paths  with  finite  curvature. 

The  angles  of  olinh  appropriate  for  the  two  phases  of  climb,  &j  and  62, 
must  depend  of  course  on  the  thrust-drag  margins  of  the  individual  missiles. 

Fig. 6  shows  how  the  thrust  and  drag  of  the  standard  missile  of  Fig.1  vary  with 
Haoh  lumber  and  altitude.  Two  points  are  worth  observing  in  Fig.  6.  Tbs  first 
is  that  Induced  drag  contributes  over  4$  of  the  total  at  70,000  ft  altitude; 
this  means  that  at  low  altitudes,  where  the  induced  drag  is  very  small,  there 
is  a  substantial  thrust-drag  margin.  The  second  point  to  note  is  that,  with  2g 
r.m.s.  lateral  acceleration,  the  thrust-drag  margin  at  70,000  ft  altitude  is 
extremely  small  for  2.6  <  M  <  3  (and  negative  for  M  <  2.6).  Thus  it  would 
be  unwise  to  rely  on  the  missile  accelerating  to  k  *  3  during  level  flight 
at  70,000  ft.  A  better  plan  would  be  to  choose  a  flight  path  such  that  the 
missile  oould  accelerate  at  lower  altitudes  where  the  thrust  margin  is  greater, 
and  arrive  at  7°, 000  ft  with  its  Mach  lumber  already  up  at  3.  This  was  the 
flight  path  used  here,  and  the  particular  pair  of  values  (ftj,  0o)  cfaoBen  for 
the  angles  of  climb  was  the  one  which  gave  nrinimm  fuel  consumption.  Far  the 
standard  missile  of  Fig.1  &)  m  75°  and  60  *  14-5°,  and  on  this  trajeotoxy 
the  Mach  lumber  increases  almost  linearly  with  altitude  in  the  troposphere, 
from  M  m  2  at  sea  level  to  M  ■  2.7  at  36,000  ft,  then  in  the  stratosphere 
reaches  a  maximum  of  3*1  near  60,000  ft  altitude  and  drops  to  U  ■  3  at 
70,000  ft  (see  Fig. 31). 

This  standard  flight  path  gives  a  reasonable  miniman  range,  for  the  mis¬ 
sile  reaches  JO, COO  ft  altitude  at  a  range  of  23  n. miles  (see  Fig. 30),  a  mean 
olimb  angle  of  27°.  Round  any  missile  launching  site  therefore  there  would  be 
a  circle  of  23  miles  radius,  a  ’dead  area*  within  which  no  targets  oould  be 
engaged  at  70,000  ft  altitude.  This  is  not  a  serious  gap  in  the  defences, 
since  targets  need  to  be  engaged  long  before  they  reach  this  area.  If,  however, 
a  substantial  reduction  in  minimum  range  below  23  miles  were  required,  the 
missile  thrust  would  have  to  be  greatly  augmented,  with  consequent  increases 
in  missile  weight. 

The  standard  flight  path  also  gives  a  reasonably  advantageous  speed 
variation.  Aerodynamic  heating  is  lsss  than  it  would  be  if  0*  were  smaller, 
and  the  Maoh  amber  greater,  during  the  first  half  0 f  the  olimb.  If  necessary, 
heating  oould  be  further  mitigated  by  making  the  reduction  in  angle  of  olimb 
at  the  tropopause  less  abrupt,  i.e.  replacing  the  14*5°  olinh  by  two  straight 
lines  at  axgLes  of,  say,  45°  and  10°.  The  speeds  during  olinh  are  such  that 
the  missile  performance  will  not  be  vmduly  sensitive  to  small  deficiencies  ar 
excesses  in  thrust.  Net  thrust  (thrust  minus  dreg)  exceeds  missile  weight  up 
to  40,000  ft  altitude,  and  thrust/drag  remains  shove  1*5  up  to  55,0 00  ft  alti¬ 
tude,  for  the  standard  missile  of  Fig.1. 

Khan  the  design  parameters  depart  from  their  standard  values  there  are 
changes  in  the  thrust^drag  margins  and  hence  in  the  appropriate  angles  of  cHisd). 
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Per  most  of  the  missiles  these  ahanges  are  small,  and  "a  75°  oliafc  followed  by 
a  10-15°  olinb"  gives  a  good  picture  of  the  olinb  path.  When  the  missile 
design  altitude  is  altered  however,  the  net  thrust/weight  changes  greatly  and 
the  corresponding  pairs  of  values  of  (&4,  do)  vary  widely,  between  (75°»  35°) 
far  60,000  ft  design  altitude,  and  (45°,  6°;  for  50,000  ft  design  altitude. 

The  performance  calculations  have  been  made  assuming  standard  I.C.A.N. 
atmosphere,  with  59°F  at  sea  level.  On  hotter  days  there  would  be  some  loss 
in  thrust  a«d  it  might  be  necessary  to  make  the  olinb  path  less  steep,  with 
consequent  reduction  in  msxiimaa  range. 

5  layout 

A  monoplane  twist-and-steer  layout  has  been  adopted  here,  with  twin 
engines  mounted  on  stub  wings  perpendicular  to  the  main  wings.  Although  it 
cannot  be  proved  that  this  is  the  best  layout  there  is  much  to  oonmend  it. 
Neither  of  the  two  possible  single-engine  layouts  is  attractive:  if  the 
motor  is  in  a  separate  pod  the  missile  is  grossly  asymmetrical,  and  if  the 
motor  is  in  the  main  body  of  the  missile  a  50fi>  weight  increase  can  be 
expected  (see  raf.1),  due  to  difficulties  in  matching  intake  area  with  engine 
requirements  and  in  the  positioning  of  oontrol  surfaces.  There  are  several 
other  possible  carte sian-ocntrol  layouts,  all  of  them  having  deficiencies: 
the  four-wing  missile  with  two  engines  indexed  at  45°  to  the  wings  and  the 
two-wing  missile  with  two  engines  on  small  wings  in  the  perpendicular  plane 
both  have  enough  asymmetry  to  raise  doubts  about  the  suitability  of  cartesian 
control:  the  four-wing  missile  with  four  wing-tip  engines  would  probably 
require  much  thicker  wings,  and  the  longer  moment  arm  would  increase  the 
lateral  destabilizing  force  due  to  engine  malfunction;  the  four-wing  missile 
with  four  engines  on  stub  wings  indexed  at  45°  would  suffer  because  of  loss 
in  lift,  increase  in  stub-wing  drag,  and  difficulty  in  boost  arrangement.  If 
twlat-and-steer  has  no  other  serious  penalties  as  yet  unknown,  a  two-wing 
twin-engine  layout  would  seem  to  promise  a  better  performance  than  ary  of 
these  others,  and,  though  the  advantage  may  be  small,  the  experience  gained 
in  this  country  with  the  twin-engine  layout  -  with  the  JTV  test  vehicle  and 
the  Red  Duster  missile  -  tells  in  favour  of  this  layout. 

Fixed  wings  have  been  chosen  here  in  preference  to  moving  wings,  since 
the  lateral  acceleration  demands  are  severe  and  a  fixed-wing  layout  is  much 
the  more  efficient  in  generating  lift*  A  moving-wing  layout  has  also  been 
considered  far  purposes  of  comparison,  and  the  pros  and  oons  of  the  two  lay¬ 
outs  are  discussed  more  fully  in  section  7*7* 

The  layout  oho  sen  here  has  unswept  wings,  with  oontrol  surfaces  at  the 
rear  of  the  body  separated  from  the  wings  (Fig.1).  An  alternative  layout  with 
highly  swept  delta  wings  and  wing-tip  oontrol  surfaces  has  recently  been  con¬ 
sidered  by  the  Bristol  Aeroplane  Co.  Changing  to  suoh  a  delta  layout  would 
have  little  effect  on  missile  weight:  the  delta  layout  is  neater,  especially 
in  its  boost  arrangement,  but  it  is  as  yet  untried  in  British  guided  missiles. 

A  rectangular  planfozm  has  been  assumed  for  bath  wings  and  tail*.  Tbs 
fixed  wings  have  a  thicknaa V chord  ratio  */o  of  0.03  and  a  gross  aspect  ratio 
of  1*5,  and  the  associated  four  oontrol  surfaces  of  Vo  ■  0.04,  which  are 
indexed  at  45°  to  the  wings,  have  a  net  aspect  ratio  of  4»  The  moving  wings 
of  t/o  ■  0.04  act  as  two  separate  surfaces  each  of  aspeot  ratio  1.2.  The 
associated  tail  surfaoes  of  V°  *  °»°3»  which  oonsist  of  two  panels  in  line 
with  the  wing*,  have  a  net  aspeot  ratio  of  2* 

The  missile  body  oensiata  of  an  ogival  nose  of  fineness  ratio  2.8  and 
low-drag  profile,  a  cylindrical  section  at  maxima  body  disaster  and  an  after¬ 
body,  in  the  f con  of  a  frusta#  of  a  10°  cone,  having  a  base  disaster  at  half 

•  The  planforas  have  been  as— d  rectangular  to  seduce  eongntatlamj  —01 
advantages  might  be  obtained  using  alternative  wing  shapes. 
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the  maximum  body  diameter.  A  lower  limit  of  ^  has  been  imposed  on  the  length/ 
diameter  ratio  of  the  missile. 

A  standard  missile,  for  87  n. miles  range,  has  been  akstahed  in  Pig.  1  and 
contains  in  order  from  the  nose:  the  radar  dish,  warhead,  guidance  equipment, 
fuel  and  actuators.  This  missile  has  also  been  sketohed  in  Pig.  41  together 
with  the  equivalent  moving-wing  missile  for  comparison. 

To  ensure  adequate  stability  of  the  fixed-wing  missile  the  wings  have  been 
placed  so  that  the  i/5  chord  line  passes  through  the  oentre  of  gravity  of  tbs 
missile  at  all-burnt.  Also  the  ramjets,  which  have  simple  ocnioal-oentrebody 
intakes  with  60°  oone  angles,  have  been  placed  with  their  noses  in  with 
the  leading  edges  of  the  wings. 

Far  the  moving-wing  missile,  the  wings  have  their  2/5  chord  line  passing 
through  tbs  oentre  of  gravity  of  the  missile  at  all-burnt  while  the  ramjets 
have  their  noses  approximately  half -way  between  the  leading  edges  of  the  wings 
and  the  all-burnt  oentre  of  gravity.  The  fins  are  at  the  rear  of  the  missile. 

The  solid-fuel  rocket  boosts  used  would  have  to  be  arranged  as  two  units, 
one  behind  eaah  wing,  in  an  overlap  configuration,  as  shown  in  Fig. 42. 

In  making  weight  estimates  for  the  turbojet  missiles  an  identical  layout 
was  assumed;  for  the  rocket  missiles  too  the  layout  was  the  aamw  except  that 
the  motor  was  placed  in  the  missile  afterbody  instead  of  on  Btub  wings. 

6  Method 

6.1  General  scheme 

Since  there  are  eleven  parameters  (see  Table  I)  involved  here  in  tbs  esti¬ 
mations  of  missile  weight,  the  oomplete  analysis  of  every  combination  would 
present  an  Impossible  task  of  computation;  about  a  million  examples  would  be 
neoessazy. 

The  method  adopted  was  to  choose  a  standard  value  far  eaah  parameter 
except  range  and  estimate  the  missile  weight  for  this  set  of  values.  A  sketch 
of  this  standard  missile  for  a  range  of  87  n.  miles  is  shown  in  Fig.1 .  Then  by 
considering  the  parameters  design  altitude,  range,  missile  diameter, 
lateral  acceleration,  mean  lateral  acceleration,  payload  weight,  payload  den¬ 
sity,  boost  Mach  number,  propulsion  and  layout,  estimates  were  made  of  varia¬ 
tion  in  missile  weight  on  up-and -along  trajectories  when  eaah  parameter  in  turn 
departed  from  its  standard  value.  Finally,  the  performance  of  the  standard 
missile  for  four  different  ranges  was  investigated  for  up-and -along,  up-along- 
down-along  and  beam-riding  trajectories  for  four  target  altitudes.  With 
method  the  nunber  of  examples  neoessazy  was  reduoed  to  about  120. 

6.2  Assumptions 

like  range  of  values  for  each  parameter  together  with  the  standard  value 
is  given  in  Table  I  (page  6).  The  payload  was  asmmed  to  consist  of  a 
of  density  100  li/cxi  ft  and  guidance  equipment  of  mean  density  35  Ib/ou  ft*. 

The  body  structural  weight  was  taken  as  3»5  lb/sq  ft  at  body  surface  area  and 
the  weight  of  tbs  twin  ramjets,  including  slab  wings,  pumps,  eto,  as  1808  lb, 

8  being  the  total  croee-eeotlonal  area  of  the  two  ramjets  in  sq  f t.  The  fuel 
weight  was  calculated  from  the  appropriate  equation  given  in  the  Appendix,  the 
tank  weight  being  taken  as  \%  of  the  fuel  weight  and  the  volume  of  fuel  and 
tanks  as  *j/4 0  ou  ft,  where  a7  is  the  weight  of  fuel  in  lb.  The  weight  of 


•  It  hae  been 
regardless  < 

(Flg.11). 


teat  tee  payload  will  fit  into  tee  volume  allowed. 
Payload  density  hew  little  effect  on  missile  waight 
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the  fixed  wings  was  taken  as  3*5  lb/sq.  ft  of  net  wing  plan  area  and  for  the 
associated  oontrola  and  aotuators  as  8.5  lb/sq  ft  of  net  oontrol  plan  area. 

A  lower  limit  of  5  sq  ft  was  imposed  on  the  net  wing  plan  area.  The  weight 
of  the  moving  wings  was  taken  as  6  lb/sq  ft  of  net  wing  plan  area  and  for  the 
wing  aotuators,  4  lb/sq  ft  of  net  wing  plan  area.  The  weight  of  the  associ¬ 
ated  tail  surfaoes  was  assumed  to  be  1.75$  of  the  missile  all-up  weight. 

These  values  are  besed  on  those  in  use  in  British  guided  missiles  now 
under  development,  but  were  increased  where  appropriate  to  allow  for  aero¬ 
dynamic  heating. 

To  illustrate  the  superiority  of  the  ramjet  over  the  turbojet  under  the 
conditions  applicable  here,  deliberately  optimistic  assumptions  were  made  far 
the  weight  and  performance  of  the  turbojet  engine. 

The  weight  of  the  twin  turbojets,  including  stub-wings,  pumps,  etc.  was 
taken  as  1.25T  lb,  T  being  the  net  thrust  of  the  twin  turbojets  in  lb  at 
the  design  altitude  of  70,000  ft  at  Mach  3*  It  was  assumed  that  the  thrust 
changed  exponentially  with  altitude  from  10T  at  sea  level  to  T  at  design 
altitude.  The  specific  fuel  consumption  was  assumed  constant  throughout 
flight  at  1.5  Ib/lb  thrust/hour. 

For  the  rocket  missiles  the  motor  was  assumed  to  be  liquid-fuel,  with  a 
vacuum  specific  impulse  of  250  seos.  The  motor  weight  was  taken  as  27  + 
0.028Tmajc  lb,  where  T„,ar  is  the  maximun  thrust  required  in  lb,  and  the  tank 
weight  as  10$  of  the  propellant  weight.  An  up-and-along  trajectory  was 
chosen,  the  'up'  part  being  a  olimb  at  M  =  2  at  75°  to  the  horizontal  (the 
best  angle  for  fuel  eoonony)  from  sea  level  to  a  design  altitude  of  70,000  ft 
and  the  'along'  part  being  divided  into  an  acceleration  phase  at  ma-rimim 
thrust  from  M  a  2  to  M  a  3  and  a  cruise  phase  at  M  a  3.  The  weight  of 
fuel  ooneumed  on  the  climb  was  calculated  by  the  method  of  ref .4. 

6.3  Drag  and  lift 

Zero-lift  drag  calculations  were  made  using  data  in  the  Aerodynamics 
Handbook,  ref.  10.  The  wave  drag  of  the  ogival  nose  was  taken  as  80£  of  the 
wave  drag  of  the  inscribed  oone  (of  20°  apex  angle).  All  wings,  including 
stubs,  and  oontrol  surfaoes  were  assumed  to  be  double-wedge  shaped. 

( Thioknea s/chord  ratios  are  given  in  Section  5. )  After  calculating  the  total 
zero-lift  drag  of  the  missile,  a  10$  addition  was  made  to  allow  for  aerials, 
air  intakes  to  turbopusps,  and  other  Irregularities.  The  external  drag  of 
the  engines  was  accounted  for  in  the  net  thrust  coefficient.  The  induced 
drag  was  calculated  for  a  maximum  incidence  of  25°,  assuming  lift  proportional 
to  incidence.  Henoe  the  total  drag  (zero-lift  plus  induced)  was  known  and  so 
the  ramjet  cross-sectional  area  oculd  be  oaloulated. 

For  the  fixed-wing  missile,  the  maxim  an  wing  lift  coefficient  was  taken 
as  I.76/M  (M  being  the  design  Mach  number),  based  on  gross  wing  area,  an 
allowance  having  been  made  for  wing-body  interference.  The  body  lift  coeffi¬ 
cient  was  taken  as  3  tor  an  incidence  of  25°,  based  on  the  body  arose— 
sectional  area,  a  deduction  having  been  made  to  allow  for  oonlzol  surface 
lift.  The  net  area  of  the  oontrol  surfaces  was  calculated  assuming  a  nwrfiwm 
oontrol  lift  coefficient  of  2.4 /H  and  specifying  a  oontrol  time  lag  of  0.2  aeo 
for  the  missile  to  roll  through  90°  and  build  up  an  incidence  of  25°. 

For  the  moving-wing  missile,  the  maximum  wing  lift  coefficient  was  taken 
as  1.55/K,  based  on  net  wing  area. 

6.4  Procedure  for  estimating  all-up  weight,  Op 

The  estimation  of  all-up  weight  was  oarried  out  by  an  iterative  prooeas 
as  follows: 
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1  guess  was  first  made  at  the  values  of  nu  and  the  ramjet  Gross-sectional 
area  8.  This  enabled  the  component  weights  or  the  missile  to  be  calculated 
giving  a  calculated  value  cf  n^,  while  the  drag  calculations  enabled  the 
required  8  to  be  calculated.  If  the  guessed  and  calculated  values  of  Oq  and 
8  differed,  a  better  guess  was  made  and  the  prooess  repeated  to  give  Improved 
calculated  values.  The  guessed  and  calculated  values  usually  coincided  after 
only  two  or  three  such  guesses,  giving  the  required  values.  This  procedure 
differed  slightly  for  the  turbojet  weight  estimates.  Here,  it  was  necessary  to 
guess  hiq  and  T,  the  thrust  at  design  altitude.  This  time  the  drag  calcula¬ 
tions  gave  T,  the  prooess  then  being  as  before. 

6.5  Modifications  of  method  for  non-stanlard  trajectories 

The  performance  of  the  standard  missile,  designed  for  70,000  ft  altitude, 
for  four  different  ranges  was  investigated  for  up-end-along,  up-along-down-along 
and  beam-riding  trajectories  for  target  altitudes  of  36,000  ft,  50,000  ft, 

60,000  ft,  70,000  ft  and  in  one  case  80,000  ft. 

6.5.1  Up-and-along  trajectory 

Here,  the  missile  olimbed  at  constant  angle  fo  from  sea  level  to 
36,000  ft  and  then  at  a  smaller  angle  62  from  36,000  ft  to  target  altitude, 
whiah  was  then  maintained. 

For  target  altitudes  up  to  60,000  ft  it  was  assumed  that  the  Mach  number  at 
target  altitude  could  be  reduced  to  2.6  (since  adequate  lateral  acceleration  was 
still  available)  with  the  result  that  thrust  and  hence  fuel  consumption  oould  be 
considerably  reduced  at  these  altitudes. 

At  80,000  ft  target  altitude,  however,  the  standard  missile  has  inadequate 
thrust  if  the  r.nus.  lateral  acceleration  remains  at  2g  and  the  missile  oould 
only  fly  at  this  altitude  if  the  r.m.  s.  demand  were  reduced  to  1.24g.  The  fuel 
weight  was  then  calculated  as  for  the  standard  missile  but  with  appropriate 
reductions  for  altitudes  of  60,000  ft  and  below. 

6.5.2  Up-along-down-elong  trajectory 

Here,  the  olinb  path  was  taken  as  that  of  the  previous  up-end-along  trajec¬ 
tory  to  maximum  altitude  at  which  the  missile  oruised  before  diving  to  target 
altitude,  assumed  less  than  70,000  ft.  During  the  dive  the  thrust  was  reduced 
to  keep  the  Mach  number  oons tant;  during  the  flight  at  target  altitude  (far 
either  10  or  20  n. miles)  a  reduced  fuel  consumption  was  assumed  as  in  6.5*1. 

6.5.3  Beam-riding  trajectory 

Actual  beam-aiding  trajectories  were  drawn  in  Fig.  27  for  36,000  and 
70,000  ft  target  altitudes  and  80  and  200  n.  miles  range  at  launch*.  The  target 
was  assumed  to  have  a  constant  speed  of  0*32  xumiles/seo  (Mach  2)  and  the  mis¬ 
sile  to  have  oons  tant  speeds  of  0,4  n. mile s/s eo  from  launch  to  36,000  ft  and 
0.1*5  n.miles/soo  from  36,000  ft  to  targst  altitude. 


*  In  drawing  these  trajectories  the  earth  was  assumed  flat  and  the  beam  straight. 
With  curved  earth  and  beam  the  113-mlle  trajectory  in  Fig.  27(d)  would  be  on  the 
average  1500  ft  be  lew  the  trajectory  drawn,  implying  an  increase  in  fuel  oon- 
amption  of  not  moire  than  At  shorter  ranges  the  difference  would  be  lees. 
Since  the  missile  might  anyway  be  constrained  to  ride  $-$000  ft  above  the  beam 
this  correction  is  not  very  important. 
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Each  trajectory  was  then  replacse!  by  tiro  straight  lines,  shown  broken  in 
Pig.  39  -  one  from  sea  level  to  36,000  ft  and  one  from  36,000  ft  to  target 
altitude  -  to  approximate  as  closely  as  possible  to  the  aotual  trajectory. 
Approximations  for  other  target  altitudes  and  ranges  at  launch  were  obtained 
by  interpolation* 

Par  climbs  to  36,000  ft  target  altitude,  the  thrust  was  reduced  to  save 
fuel  and,  by  preventing  the  speed  from  b dooming  too  high,  reduce  aerodynamic 
heating*  The  fuel  consumption  was  then  calculated  as  for  the  standard 
trajeotoiy. 

6.6  Boost  weight 

Solid-fuel  rocket  boosts  were  assumed  to  acoelerate  the  missile  to 
Mach  2  at  sea  level*  The  specific  impulse  was  taken  as  200  boos  and  the 
boost  oharge/weight  ratio  as  0*65*  The  boost  weight  was  calculated  using  the 
methods  of  refs.il  and  12  and  for  the  standard  missile  these  assumptions  gave 
the  boost  weight  as  being  equal  to  the  missile  weight* 

6*7  Accuracy  oheok  of  assumptions 

To  oheok  tbs  accuracy  of  the  assumptions  made  in  the  Appendix,  a  step- 
by-step  numerical  integration  was  performed  for  the  standard  missile*  The 
accuracy  of  the  approximations  was  found  to  be  excellent  and  is  discussed  in 
more  detail  in  the  Appendix. 

7  Discussion  of  results 


The  results  presented  in  Figs.  8-29  and  Table  H  (page  28)  are  arranged 
to  show  the  effects  of  each  design  parameter  in  turn  and  are  discussed  in 
sections  7«1~7»'10» 

7*1  Design  altitude  and  range 

Pig.  8  shows  that  increasing  the  range  from  100  to  200  n. miles  increases 
the  missile  all-up  weight  by  about  for  50r000  ft  altitude  and  about  16$ 
for  altitudes  above  70,000  ft.  Pig.  9  shows  that  for  any  given  range  up  to 
200  n.  mi  lea,  all-up  weight  varies  little  with  design  altitude  up  to  70,000  ft 
but  increases  by  about  (>%  from  70,000  to  80,000  ft  design  altitude  due  to 
the  rapid  increase  in  size,  and  so  weight,  of  the  wings  and  control  surfaces 
required  to  maintain  a  specified  lateral  acceleration  and  &  specified  control 
time  lag. 

7.2  Missile  body  diameter*  d 

This  parameter  shows  the  effeot  of  varying  the  dish  diameter. 

The  missile  lengtb/diameter  ratio,  tyd,  must  not  be  so  small  as  to 
aggravate  the  control  problems.  Here,  tyd  has  been  fixed  at  7*89,  tbs 
standard  missile  value,  for  body  diameters  between  2  and  3  ft*  Par  smaller 
diameters,  between  1.6  and  2*2  ft,  however,  the  missile  length  was  adjusted 
to  maintain  sufficient  volume  for  the  oontents. 

For  constant  tyd,  increasing  the  mdlssile  diameter  frcm  2  to  3  ft 
resulted  in  an  increase  of  45^5  in  all-up  weight  due  to  large  increases  in 
body  structural  weight  and  body  wave  drag,  both  of  which  increase  as  tbs 
square  of  the  disaster.  This  is  shown  la  Pig.10.  Per  the  fixed-voluzas 
missile,  variation  in  diameter  over  the  range  considered  (1.6-2. 2  ft)  has 
only  a  small  effeot  on  the  missile  all-aap  weight. 
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7»3  Payload  weight  and  density 

Missile  weight  increases  linearly  with  payload  (warhead  plus  guidance) 
weight  as  shown  in  Pig.il;  each  1  lb  inarease  in  payload  oauses  an  increase  of 
about  2.2  lb  in  missile  weight* 

Bay  load  density  has  only  a  small  effect  on  missile  weight;  reducing  the 
density  from  100  to  50  Ib/ou  ft  increases  the  missile  weight  by  only  about 
Inareasing  <r,  the  guidanoe/warhead  weight  ratio,  by  an  order  of  magnitude 
over  the  range  0. 1  -1 0  increases  the  missile  weight  by  only  about  %. 

7.4  Maximum  and  r.m.s.  lateral  accelerations,  Ng  and  ng 

The  mean  acceleration  has  the  greater  influence  on  missile  weight  as  can 
be  seen  in  Pigs.  1 2  and  13.  Por  the  lower  values  of  n,  less  than  the  standard 
value  of  2,  variation  of  N  has  only  a  small  effect  on  missile  weight.  Por 
higher  values  of  n,  however,  missile  weight  increases  rapidly  as  N  decreases 
due  to  high  induced  drag.  When  the  induced  drag  is  high,  excess  thrust  is 
available  in  climb  and  so  oan  be  reduced  to  give  a  saving  in  fuel.  This  saving 
partly  offsets  the  large  increase  in  weight. 

The  dotted  line  in  Fig.  14  shows  the  value  of  maximum  lateral  acceleration 
which  gives  minimum  missile  weight  for  a  given  mean  lateral  acceleration;  far 
n  m  2,  a  maximum  acceleration  of  7»3g  gives  minim  an.  weight  (about  i860  lb) 
whereas  for  n  a  3,  N  *  11  gives  minimum  weight  (about  2260  lb). 

7«5  Maoh  number  at  the  end,  of  boost 


Although  an  Inarease  in  boost  Mach  number  above  the  standard  value  of  2 
would  give  a  smaller  missile  all-up  weight,  as  shown  in  Fig.  15,  a  much  larger 
increase  in  total  missile  weight  at  launch  (including  boosts)  would  result. 

A  reduction  in  boost  Mach  number  below  2  oould  give  a  small  saving  in  weight 
at  launch  but  in  this  case  the  initial  thrust-drag  margin  would  be  critical; 
a  slight  deficiency  in  boost  impulse  might  lead  to  drag  exceeding  thrust. 

7*6  Propulsion 

Although  optimistic  assumptions  were  made  for  the  weight  and  fuel  con¬ 
sumption  of  turbojet  and  rooket  engines,  Pig.16  shows  that  the  ramjet  missile 
is  considerably  lighter  than  either  turbojet  or  rooket  at  all  relevant  ranges. 
Par  any  given  range  the  turbojet  missile  is  about  2000  lb  heavier  than  the  ram¬ 
jet  missile;  the  weight  increase  with  range  is  about  Sfi  per  100  n. miles  far 
the  turbojet  and.  about  1  (Sft  for  the  ramjet.  Por  100  n.  miles  range  the  all-up 
weight  of  the  rooket  missile  1s  double  that  of  the  ramjet  although  Its  empty 
weight  is  only  199?  greater.  The  liquid-fuel  rooket  assumed  here  has  an  overall 

vacuum  apeoific  impulse,  weight^of^’moS^proJenSt^and  tanks)' *  ot 

206  seo;  changing  to  solid-fuel  motor  having  an  overall  vacuum  specific 
impulse  of  less  than  160  seo,  would  of  oourse  further  inarease  missile  weight. 

7.7  Fixed  and  moving  wings 

The  variation  of  missile  all-up  weight  with  range  for  the  fixed-wing  and 
movirg-wing  missiles  is  given  in  Pig.  17,  for  the  standard  conditions  of  8g 
maximum  lateral  aooeleraticn,  2g  r.nus.  lateral  aooelsratiaa  and  70,000  ft 
design  altitude.  For  all  ranges  between  JO  and  200  milee  the  moving-wing  mis¬ 
sile  1s  About  30 %  heavier.  If  the  lateral  acceleration  demands  are  reduced  to 
5g  (maadnas)  and  1.5g  (r.nus.)  the  difference  between  the  two  is  narrowed  to 
about 
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In  Fig.  41  Bketchea  are  given  of  the  standard  fixed-wing  missile  of  Fig.1 
and  the  oonparable  moving-wing  missile.  The  vast  difference  in  wing  sice  - 
the  two  spans  are  5.6  ft  and  13*4  ft  -  is  at  once  apparent.  For  the  moving- 
wing  missile  the  weight  of  wings,  actuators  and  tail  fins  is  580  lb,  while 
for  the  fixed-wing  missile  the  oonparable  weight,  of  wings,  control  surfaces 
and  actuators,  is  250  lb.  The  wing  drag  is  greater  by  a  factor  of  5  on  the 
moving-wing  missile. 

The  fundamental  reason  for  the  moving-wing  missile's  poor  showing  is  its 
relative  inefficiency  as  &  lift-generator.  For  the  fixed-wing  missile  the 
wing  lift,  taking  into  aooount  wing-body  interference,  is  roughly  the  same  as 
the  lift  due  to  the  gross  wing,  i.e.  the  wing  carried  through  the  area  occu¬ 
pied  by  the  body;  far  the  moving-wing  missile,  it  is  virtually  only  the  net 
area  of  the  two  moving  panels  which  is  effective  in  producing  lift*.  For  the 
fixed-wing  missile  the  lift  from  the  body  and  ramjets  at  H>3,  even  with  a 
generous  deduction  for  possible  negative  oontrol-surfaoe  trim-force,  makes  a 
substantial  addition  (about  7$  for  the  standard  missile)  to  the  wing  lift; 
for  the  movlt]g-wing  missile  the  body  should  be  at  zero  incidence  and  so  give 
no  lift. 

As  a  result  of  these  differences  lift  at  maximum  incidence  is  reduced  by 
quite  a  large  factor  in  changing  a  missile  of  given  geometry  from  fixed  to 
moving  wings.  Fig. 40  shows  how  this  factor  varies  with  the  ratio 

^h^Lng^apan)^  »  d//b*  Por  a  ‘typical  value  of  d/t>,  0.3,  the  fixed-wing 

layout  gives  a  lift  about  3*9  times  greater  than  the  moving-wing  at  25°  inoi- 
denoe.  In  calculating  this  factor  the  methods  of  ref .10  were  used,  with 
maximum  body  lift  oo efficient  3  at  M  *»  3* 

If  the  lateral  aooeleration  demands  on  the  missile  are  not  too  severe, 
the  poor  lift-producing  properties  of  the  moving-wing  layout  are  not  so 
important,  since  there  is  little  weight  difference  between  a  missile  with 
small  wings  and  one  with  hardly  any  wings  at  all. 

If,  as  in  the  standard  conditions  defined  here,  the  lateral  aooeleration 
demands  are  exacting, .  strong  subsidiary  reasons  are  needed  to  resuscitate  the 
moving-wing  layout.  Some  possible  reasons  are  touched  on  below. 

(1)  The  moving-wing  layout  automatically  provides  a  rapid  roll  response 
when  the  wings  are  moved  differentially,  whereas  large  oontrol  surfaces  are 
needed  to  give  the  fixed-wing  missile  an  adequate  roll  aooeleration:  that  Is 
why  the  moving-wing  missile  in  Fig.  41  is  not  more  than  3 Ofh  heavier  then  the 
fixed-wing. 

(2)  Moving  wings  should  ease  radome  aberration  problems  by  keeping  the 
body  near  zero  incidence.  This  is  prdbebly  the  main  potential  disadvantage 
of  the  fixed-wing  layout,  but  its  importance  cannot  be  evaluated  until  mwh 
more  work  has  been  done  to  determine,  first,  the  maxinum  aberration  that  oan 
be  tolerated  without  seriously  degrading  the  honing  performance  end,  second, 
the  likely  aberration  oharaoteristios  of  future  practical  radooes. 

(3)  4  fund  of  experience  on  the  moving-wing  layout  has  been  built  up  In 
this  oountry,  with  Sad  Duster.  The  problem  of  the  fixed-wing  twin t-andr-e tear 
missile  have  not  yet  been  fully  explored. 


*  Using  data  la  an  as  yet  unpolished  chapter  of  ref.  10,  the  Increase  in  lift 
of  the  moving -wing  nd  sails  of  Fig.  41  due  to  wing-body  interference  is  faaad 
to  be  only  %• 
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(4)  With  the  moving-wring  layout  the  angle  of  incidence  of  the  ramjets 
should  remain  email  throughout  flight.  With  the  fixed-wing  layout  incidence 
would  have  to  be  limited  during  mid-oouroo  flight  to  the  maxtnum  at  which 
stable  ooobuetion  oould  be  maintained,  perhaps  10-12°.  Ibis  would  mean  that, 
after  reaching  design  altitude  the  missile  lateral  aooeleration  would  effective¬ 
ly  be  limited  to  about  3-4g  until  the  final  homing  phase  -  a  limitation  which 
should  not  seriously  degrade  mld-ocurse  accuracy.  In  the  final  phase  the  ram¬ 
jets  are  not  likely  to  remain  alight  if  the  maximum  incidence  of  2 5°  is 
demanded*  This  is  not  as  bad  as  might  at  first  appear  (a)  because  deceleration 
would  be  rapid  even  if  the  ramjets  gave  full  thrust  (for  the  missile  of  Fig.1 
thrust  is  830  lb  and  drag  at  25°  incidence  is  6300  lb,  at  M  ■  3  at  70,000  ft), 
and  (b)  beoauee  deceleration  has  very  little  effect  on  the  maxi  aim  tolerable 
mid-oourse  errors  for  oollis ion-course  interceptions  near  head-on*  Ref.  7  indi¬ 
cates  that  for  a  homing  look>*cn  range  of  10  n*  miles  and  a  Haoh  2  target, 
deceleration  would  reduce  the  nwHn»m  tolerable  mid-oourse  error  for  the  stan¬ 
dard  missile  from  its  oonstant-epeed  value  of  3*35  n* miles  to  3*24  n. miles  (if 
the  ramjets  remained  alight)  or  3*22  n* miles  (if  the  ramjets  went  out). 

7*8  Missile  fuel/welffot  ratio  on  standard  trajectory 

Pig*  18  shows  that  the  missile  fuel/weight  ratio  decreases  with  increase  in 
design  altitude  far  a  given  range,  although  the  ratio  is  not  affected  much  by 
altitude  variation  at  short  ranges.  For  a  design  altitude  of  70,000  ft,  the 
fuel/weight  ratio  does  not  exceed  0*23  up  to  200  n. miles  range  and  so  is  small 
enough  not  to  dominate  the  missile  design. 

7.9  SLBSBSlfiBS 

Ramjet  ocetmetlnn  chamber  diameter  has  been  plotted  against  several  design 
parameters  in  Pig.  19  where  it  oan  be  seen  that  the  diameter  is  affected  moat  by 
design  altitude  and  r.m.  s.  lateral  aooeleration.  The  values  of  ramjet  diameter 
are  within  the  limits  of  what  is  practically  attainable,  lying  between  10  and 
20  inches  except  for  the  highest  values  of  r.m.  a.  lateral  aooeleration.  Range 
has  little  effect  on  ramjet  diameter. 

Missile  length  has  similarly  been  plotted  against  several  design  parameters 
in  Fig.  20.  Tbs  length  varies  linearly  with  payload  weight,  increasing  by  about 
1  ft  for  every  100  lb  of  payload.  The  length  is  also  nearly  linear  with  range. 
Increasing  by  about  10$  far  an  increase  in  range  from  100  to  200  n.  miles.  Far 
design  altitudes  below  70,000  ft  the  variation  in  length  is  small,  although  an 
increase  from  70,000  to  80,000  ft  altitude  increases  the  lexgth  by  about  2C$. 

7»10  trajectory 

For  the  up-aad-elong  trajectory,  all-up  weight,  range  and  target  altitude 
have  been  plotted  in  pairs  as  shown  in  Figs.  21 -23  for  a  design  altitude  of 
70,000  ft*  Tbs  broken  line  in  Fig*  21  shows  what  the  variation  of  missile 
weight  with  range  would  be,  for  a  target  altitude  of  80,000  ft,  if  the  induced 
dreg  oould  be  reduced  to  prevent  drag  emnedlng  thrust,  (if  the  r.m* a.  lateral 
acceleration  had  to  be  kept  at  2g,  drag  would  greatly  exceed  thrust  at  80,000 
ft* )  Fig*  22  shews  that  for  a  given  range,  there  is  little  abange  in  all-up 
weight  for  missiles  to  target  altitudes  between  55, 000  end  70,000  ft, 

mainly  due  to  the  thrust  being  reduoed  for  altitudes  below  70,000  ft*  For  lower 
altitudes,  however,  there  is  a  rapid  increase  in  weight,  particularly  at  the 
longer  ranges*  Pig. 23  shows  that  for  a  given  missile  weight  there  in  little 
abange  in  range  above  60,000  ft* 

For  the  up-elocg-dewa-along  trajectory  Tigs*  24  end  25  shear  that  for  a 
given  nogs  up  to  100  n*mUes  the  all-up  weight  does  not  change  by  more  than 
%  for  all  arulslng  sad  target  altitudes.  Ibis  percentage  change  remains  just 
as  small  far  ranges  up  to  400  n*milea  except  for  missiles  arulslng  at  altitudes 
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below  60,000  ft  and  descending  to  target  altitudes  be  lew  40,000  ft.  Pig*  26 
shows  that  the  optimum  cruising  altitude  (broken  line),  which  gives  the 
maximum  range  for  a  given  all-up  weight,  varies  little  with  range  and  is 
nearly  independent  of  target  altitude.  Between  100  and  400  n. miles  range  the 
optimum  cruising  altitude  increases  from  63,000  to  67,000  ft. 

For  the  beam-riding  trajectory,  Fig.  28  shows  a  rapid  rise  in  missile 
weight  at  relatively  short  ranges;  inoreasing  range  from  30  to  100  n.  miles 
increases  missile  weight  by  about  35$* 

Fig,  29  shows  the  relative  performance  of  the  standard  missile  on  the 
three  trajectories.  There  is  little  difference  in  weight  between  missiles  on 
up-end-along  and  optimum  up-along-down-along  trajectories  above  60,000  ft 
target  altitude.  For  100  n.  mile  a  range  and  60,000  ft  target  altitude  the 
respective  missile  weights  for  the  beam-riding,  up-and-along  and  optimum  up- 
along-down-along  trajectories  are  2880,  1883  and  1880  lb. 

8  Summary  of  results,  and  conclusions 

The  missile  sketched  in  Fig.  1,  which  weighs  1870  lb  at  launch  without 
boosts,  has  standard  values  of  the  eleven  design  parameters  -  payload  700  lb, 
maximum  lateral  acceleration  8g  at  the  design  altitude  of  70,000  ft  and  the 
design  Mach  number  of  3>  range  87  n. miles,  r.nus.  lateral  acceleration  2g, 
ramjet  propulsion,  up-and~along  trajectory,  etc. 

Table  U  (page  28)  and  Figs. 8-29  show  how  the  weight  changes  when  eaah 
parameter  in  turn  departs  from  its  standard  value.  Inoreasing  design  alti¬ 
tude  from  70,000  ft  to  80,000  ft  increases  weight  by  reducing  design 

altitude  has  much  less  effect.  100  miles  extra  range  at  7°, 000  ft  altitude 
puts  up  the  weight  by  l6j&.  Changing  missile  diameter  from  24"  to  30"  results 
in  a  2C$  weight  increase.  Every  extra  lb  of  payload  leads  to  2.2  lb  extra 
all-up  weight.  Reducing  payload  density  from  32  to  33  Ib/ou  ft  adds  6^  to 
the  weight.  Inoreasing  maximum  lateral  acceleration  from  8g  to  12g  (while 
retaining  2g  r.nus.  lateral  acceleration)  puts  up  the  weight  by  only  ~$>t  but 
increasing  r.nus.  lateral  acceleration  from  2g  to  3g  (while  retaining  8g 
maximum  lateral  acceleration)  leads  to  a  3<$  weight  increment.  A  small 
saving  in  weight  at  launch  with  boosts  (/$)  might  be  made  by  reducing  the 
boost  Mach  number  frem  2  to  1.8.  Changing  from  ramjet  to  turbojet  or  rocket 
propulsion  doubles  the  all-up  weight  for  100  n.  miles  range.  Using  moving 
wings  instead  of  fixed  increases  missile  weight  by  3Q$»  There  is  little  to 
be  gained  by  changing  from  the  standard  up-end-along  trajectory  to  an  up- 
along-down-along  type  unless  the  target  altitude  is  below  30,000  ft:  when 
the  target  altitude  is  38,000  ft  the  saving  in  weight  is  12#  far  100  n. miles 
range.  Changing  from  up-end-along  to  beam-riding  trajectory  leads  to  a 
weight  increase  of  about  5$  at  100  miles  range. 

These  results  suggest  the  following  broad  conclusions: 

(1 )  If  8g  lateral  acceleration  is  to  be  developed  by  aerodynamic 
lifting  surfaces  without  incurring  unreasonable  increases  in  missile  weight, 
the  upper  limit  for  design  altitude  can  be  taken  as  about  75,000  ft, 

(2)  Range  oan  be  increased  from  100  to  230  miles  without  an  excessive 
increase  in  weight  (for  up-and-along  trajectory  to  70,000  ft  altitude), 

(3)  To  avoid,  undue  increase  in  weight,  missile  diameter  should  be  kept 
down  to  about  24". 

(4)  The  r.m*s.  lateral  acceleration  in  mid-ooune  flight  oan  have  an 
important  effect  on  missile  performance,  end  should  not  be  allcared  to  rise 
above  2g  (including  the  inevitable  1g  for  counteracting  gravity). 
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\  (5)  The  ramjet  appears  to  be  the  most  suitable  form  of  propulsion.  An 

1  appropriate  olinb  programme  for  a  ramjet  missile  1st  boost  to  li  ~  2;  Increase 

i  U  steadily  during  steep  olinb  (~  75° J  to  36,000  ft  altitude,  followed  by 

shallower  olimb  (at  15°)  to  design  altitude  of  70,000  ft;  maintain  Ma  3  at 
design  altitude.  . 

(6)  Provided  its  radoroe  aberration  oharaoteriatios  are  aooeptable,  a  fixed- 
wing  layout  will  be  preferable  to  a  moving-wing,  since  the  weight  at  launch  is 

yyjL  lower,  for  8g  lateral  acceleration  at  JO, 000  ft  altitude.  If  the  lateral  \ 

acceleration  demand  were  reduced  to  5g,  the  weight  difference  would  be  much  less, 

(7)  If  a  beam-riding  trajectory  had  to  be  used  instead  of  up-aai-elong  or 
up-along-down-along,  the  increase  in  missile  weight  for  a  given  range  would  be 

i  large  and  ranges  much  greater  than  100  n. miles  would  be  impossible. 
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ATEBNDIX 


Method  of  calculating  missile  speed  and 
fuel  consumption  during  climb 


A.1  Missile  speed 

A.1.1  Climb  from  sea  level  to  the  tropopause  (36,090  ft  altitude) 

The  missile  is  assimed  to  be  boosted  to  Mach  number  Mq  at  sea  level, 
and,  as  stated  in  seotion  4*4>  to  follow  a  straight-line  path  during  its 
climb  from  sea  level  to  36,000  ft.  The  altitude  in  thousands  of  feet  is 
denoted  by  y.  The  suffix  *  denotes  values  at  the  tropopause,  where 
y  a  y*  a  36.09.  The  suffix  0  denotes  values  at  sea  level. 


To  simplify  the  analysis  it  is  assumed  that  the  variation  of  net  thrust 
(T-D)  with  altitude  oan  adequately  be  represented  by  expressing  the  quantity 

jjjj-  as  a  linear  function  of  y  (m  being  the  mass  of  the  missile  and  p  the 

atmospheric  pressure  at  altitude  y).  Thus  we  have 


T-P 

mg 


F,  say 


(1) 


(2) 


The  actual  variation  of  with  y  for  the  missile  of  Fig.1  is  plotted 

in  Fig. 31,  from  which  it  appears  that  the  approximation  is  a  good  ones  the 
maximum  error  is  6$,  and  the  mean  error  1.9$  -  the  approximation  erring  on 
the  optimistic  side. 

Now  if  v  is  the  velocity  of  the  missile  (in  thousands  of  feet  per 
seoond)  the  equation  of  motion  is 


T  -  D  -  mg  sin  0^  =  1000  mv 

«  1000  mv  sin  61  ^  (3) 

where  is  the  angle  of  olimb.  Equation  (3)  may  be  rewritten 

w 

or,  by  (2), 

[l  -  [yo  ♦y^1P^-Po)]p“'  & 

Integrating  (3)  we  have 
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P  H  + 
o 


F  -  »,) 


(6) 


where 


H  -  H(y)  a 

I  ■  l(y)  o 


/t* 

0 


0 


> 


J 


(7) 


p(u)  being  the  atmospheric  pressure  at  altitude  u.  Using  the  I.C.A.N. 
formulae  for  the  standard  atmosphere,  it  oan  easily  be  shown  that,  for 

y  <  36.09, 


HW  .»*(,-£  A) 

iw  -  . 


(8) 


where  -J-  is  the  relative  temperature  (°K)  at  altitude  y;  and,  for 
o 

y  >  36.09, 


H(y)  -  H(y*)  e  H  -  H*  n  4.640  -  20.79  ~ 


l(y)  -  l(y*)  -  I  -  I*  -  7.312  -  (11.98  +  o.576ly)  £  . 


Values  of  the  functions  H  and  I  are  given  in  Table  III  and  plotted  in 
Pig.  32. 

Table  ni 

The  » atmosphere  functions1  H  and  I  defined  bv  equations  (7) 


(9) 


Altitude  y 
thousand  ft 

H 

H-a* 

I 

I-I* 

0 

0 

0 

10 

8.3 6 

1.086 

20 

14.03 

3.392 

,  30 

17.77 

5.941 

36.09  -  y* 

19.34. 

7.379 

40 

20.14. 

0.80 

8.235 

0.856 

50 

21.60 

2.26 

10.03 

2.65 

60 

22.51 

3.17 

11.40 

4-02 

70 

23.07 

3.73 

12.40 

5.02 

80 

23.42 

4.08 

13.12 

5.74 
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Equation  (6),  written  in  the  form 

v2  «  vQ2  +  0.0644  £{F0H  +  (4.481F*  -  F0)lJ  ooeeo  -  y]  (10) 


can  be  ueed  to  find  the  velocity  and  hence  the  Mach  rusher  at  any  altitude 
during  the  oliab,  if  v0,  0..,  P0  and  F*  are  known.  The  variation  of  Maah 
number  with  altitude,  for  Mg  ■  2  and  various  typical  values  of  6^ ,  PQ  and 
F*,  is  shown  in  Fig.  33 »  which  suggests  that  for  most  praotioal  purposes  the 
variation  of  M  with  y  can  be  taken  as  linear. 

M*  can  be  found  by  inserting  in  (10)  the  appropriate  numerical  values, 
y  «  36.09,  H  »  19.34.,  I  -  7.379  and  v  =  O.9685M*.  This  gives 

M*2  »  1.330  Mq2  -  2.478  +  (0.821  Fq  +  2.270  F*)  ooseo  01  .  (ll) 

M*  is  plotted  against  F*  for  various  values  of  FQ  and  0*,  and  for 
Mo  a  2,  in  Fig.34. 


A. 1 . 2  Climb  in  the  stratosphere 


It  is  assumed  that  in  the  stratosphere  the  missile  climbs  at  a  constant 
angle  &2,  chosen  so  that  at  design  altitude  y^  it  is  flying  at  design 

Mach  number  M<  (=  3).  Again,  taking  as  a  linear  function  of  alti- 

M  ■  M.  and 


Mj  (=3).  Again,  taking 
tude,  we  have,  since  by  definition  T  ■ 


mp 

D  at 


y  -  yi» 


T-D 

mg 


T*-D» 

m*g 


3HZ_ 

y^y* 


2. 

p* 


(12) 


f* 


y^y 

y^y* 


•*  • 


(13) 


The  actual  variation  of 


l££l 


mp 


is  shown  in  Fig.31,  from  which  it  appears 


that  the  linear  approximation  is  pessimistic.  The  discrepancy  is  largest 
where  the  value  of  (T-D)  is  least,  so  that  the  largest  error  in  net  thrusV 

weight  ratio,  ,  is  less  than  0.06,  i.e.  the  largest  error  in  esti¬ 

mating  acceleration  is  0.06g. 

Using  equation  (13)  the  equation  of  motion  (4)  becomes 

7*  ooseo  0, 


1  + 


[(0.S6891)2} 


p*(y^~y*) 


(14) 


or,  integrating. 


y-y*  ♦  14.57  (M2 -M*2)  .  |g  .  fZ-i  jjj  (H-H*)  -  (I-I*)J  P*  ooeeo  0J2 


(13) 


Since  Mil(|  at  y  ■  jj,  0^  is  given  by 


-  2f  - 
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sin  0„ 


y-j-ar*  +  14-57  (n,2  -  m*2) 


f* 


(16) 


02  is  plotted  against  F*  for  1L  =  3  and  various  y,  and  M*  in  Pig.  36. 
Re-arranging  (15)  we  hare  for  the  llaoh  nunfcer  M  at  intermediate  altitudes, 


M2  ■  M*2  +  0.0686  jjj  (H-H*)  -  (I-I*)  J  P*  ooseo  6^  -  (y-y*)J  , 

(17) 

P*  ooseo  ©2  being  found  from  (16).  M  is  plotted  against  y  for  various  M* 
and  yj  and  Kj  *  3  in  Fig. 37- 

A. 1.3  Accuracy  of  the  approximate  method 

The  values  of  Mach  number  during  olimb  found  by  numerical  integration  are 
oompared  with  those  given  by  the  approximate  method  outlined  in  this  Appendix 
in  Pig.  31  •  The  marl, mum  error  in  Maoh  number  incurred  by  using  the  approximate 
method  is  0.03. 


A.  2  Fuel  consumption 

A. 2.1  Method 


If  dip  is  the  ramjet  thrust  coefficient,  S  the  total  cross-sectional 
area  of  the  motors  (i.e.  S  =  2A^  if  there  are  two  motors  each  of  cross- 
sectional  area  A*),  and  o  the  specific  fuel  consumption  (ib/hr/lb  thrust), 
the  rate  of  fuel  flow  is 


Soj  1481  M2  o 

^F  “  3555 


JL 

Po 


lb/  seo  . 


(18) 


The  fuel  burnt  in  a  olimb  from  sea  level  to  altitude  y^  is  therefore. 


ft 

j 

.  0.4.114s  I 

«2  _  P  ooseo  0  dv 
°T  *  0  p  - v  * 

(19) 

0 

0 

For  olimb  at  angle 
altitude  yj ,  (19) 

to  altitude  y*  followed  by  olimb  at  angle 
beoones 

®2 

to 

f 

* 

0 

fl 

% 

as  0.41148 

ooseo  0^  / 

0.4248s  ooseo  0^  j 

Op» to 

0 

(20) 

a  being  the  speed  of  sound.  The  values  of  Op  and  o  given  in  Fig.  4  have 
been  used  to  plot  QpO  and  OpMo  as  a  function  of  M  and  y  in  Pig. 36. 

Prom  Pig.  38(a)  it  appears  that  OpO  increases  from  2*97  **  level  to  3*37 

at  the  stratosphere  on  a  typical  olimb,  and  since  this  variation  is  small  a 


-  26  — 

SECRET 


SECRET 


Teohn trial  Note  No.  GW  389 


suitably  weighted  mean  value,  3*09,  has  been  taken  here.  Then,  assuming  — 

is  a  linear  function  of  y  (with  M*  a  2.6),  the  first  term  in  (20)  reduces 
to 


S  oosec  61  1.271  (1.791H*  +  0.8941*) 
m  52.43  ooseo  6^  . 


(21) 


Fig.  38(b)  shows  that  Opho  does  not  vary  greatly  with  liach  number  in  the 
stratosphere.  A  mean  value  B  was  therefore  taken  for  the  quantity 
0.424S  ajUo  in  the  stratosphere,  the  value  of  §  being  altered  to  suit  the 
particular  missile's  Mach  number.  The  seoond  term  in  (20)  then  reduces  to 

S  ooseo  Qg  S  (I^-H*)  .  (22) 

Adding  (21)  and  (22)  gives  as  the  fuel  burnt  during  climb 

mp  =  S  [52.4  ooseo  0^  +  S(H.j-H*)  ooseo  0gj  lb  (23) 

where,  in  the  standard  case,  B  has  the  value  3.6,  and,  for  y-j  “  70, 

-H*  =  3.73,  from  Table  HI. 

When  the  missile  reaches  its  design  altitude  it  has  covered  a  horizontal 
distance 

y*  cot  0.  +  (y^-y*)  cot  0g  thousand  feet, 

and  if  x  is  its  total  horizontal  range  in  nautical  miles  the  distance  flown 
at  design  altitude  on  an  up-and-along  trajectory  is 

6.08x  -  y*  oot  0^  -  (y^-y*)  oot  0g 
The  rate  of  burning  fuel  during  level  flight  is  by  (18) 


thousand  feet. 


SOj  1481  M^o  p1 
3^  '  p„ 


n  3,40 


El 


lb/th.  ft. 

Ib/th.  ft.  at  M  -  3. 


Hence  the  total  fuel  load  required  for  range  x  is 

*p  .  s[$2.*.  ooseo  0^  +  S(H^-H*)  ooseo  0g 

+  3.40  ^  J6.O0X  -  y*  oot  0,j  -  (y,j-y*)oot  02)J  •  (24) 
A.2.2  Aoouracv  of  method 

Tbs  method  is  of  oourss  exact  during  tbs  level-flight  period.  Tor  the 
missile  of  Fig.1  on  its  standard  oliab  path  step-by-step  numerical  integration 
gives  192  lb  for  the  fuel  used  on  the  climb,  idiile  equation  (24)  gives  194  3b. 
The  approximate  method  thus  overestimates  the  total  fuel  load  for  tbs  stan¬ 
dard  missile  by  2  lb  in  300  lb. 
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SOURCE  FOR  EACH  CURVE: 

©t©  FIG.  26  OF  REF.  I. 

®  FIG.2B  OF  REF.  2,  CORRECTED  FOR  CHANGES  IN 
PAYLOAD, WING  LOADING,  ALTITUDE  ,  AND  WEIGHT 
ESTIMATES  (IN  FACT  THESE  CHANGES  NEARLY  CANCEL  OUT) 
©REF.  5,  WITH  INSTALLED  ENGINE  SP.  WT*0-IS 
(INCLUDING  STUB -WING  mountings') 

REF. A,  CORRECTED  FOR  PAYLOAD  CHANGE 
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ROCKET 


T 


ALL  THE  MISSILES  CARRY  A  PAYLOAD  OF  540  LB., 

ARE  BOOSTED  TO  THEIR  DESIGN  MACH  NS  M*  2, 

AND  HAVE  MAR.  LAT.  ACCN.  OF  ABOUT  I03  AT  DESIGN 

ALTITUDE 

TRAJECTORIES: 

-  FAIRLY  STEEP  CLIMB,  FOLLOWED  BY 

LEVEL  FLIGHT  AT  DESIGN  ALTITUDE 
OF  45,000  FT. 

- BEAM-RIDING  TRAJECTORY  TO  DESIGN 

ALTITUDE  OF  65,000 FT. 


- t - 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

ram: 
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A  ^ 

r 

^ — tnjRB 

/ 

\ 

. 

20 


60  80 
RANGE  N.  Mti.ES 


IOO 


40 

HORIZONTAL 

FIG.  2.  VARIATION  OF  WEIGHT  WITH 
RANGE  FOR  ROCKET,  RAMJET  AND 
TURBOJET  SURFACE-TO-AIR  MISSILES. 
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FIG.  4.  (a  *b) 

Ct*  0-7pMlA» 

WHERE  T„  :  NET  THRUST  (ALLOWING  FOR  EXTERNAL  DRAG  OF  RAMJET 

duct) 

f>  «  AMBIENT  ATMOSPHERIC  PRESSURE 
A** MOTOR  MAX.  CROSS-SECTIONAL  AREA 
FOR  MOTOR  SHAPE,  SEE  FIG.I. 

NUMBERS  ON  CURVES  INDICATE  FUEL /AIR  RATIO. _ 


INTAKE  INTAKE 


s.f.c.=(fuel  consumption  in  lb/hour)  +  (net  thrust  in  lb.) 


FIG.  4.(a*b)  THRUST  COEFFICIENT  AND 
FUEL  CONSUMPTION  OF  RAMJET  MOTOR 
AS  A  FUNCTION  OF  MACH  NUMBER  AND 

ALTITUDE. 
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(d)  THRUST  COEFFICIENT. 


FIG.  5  (a St)  VARIATION  OF  RAMJET  THRUST 
AND  FUEL  CONSUMPTION  IN  THE 
STRATOSPHERE  WITH  MACH  NUMBER 
AND  FUEL/AIR  RATIO. 
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FIG.  6.  VARIATION  OF  THRUST  AND  DRAG  OF 
THE  MISSILE  OF  FIG.  I.  WITH  MACH 
NUMBER  AND  ALTITUDE. 
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ALTITUDE,  FOLLOWED  BY  CLIMB  AT  LOWER  ANGLE  (5-35*) 
TO  design  ALTITUDE,  AND  LEVEL  flight  AT  DESIGN 
ALTITUDE  y(.  SPEED  M*2  AT  SEA  LEVEL,  M  *3  AT 
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ALL-UP  WEIGHT  *  WEIGHT  AT  LAUNCH  WITHOUT  BOOSTS 
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MAX..  LATERAL  ACCN.  =  Bg  (N  ■  6) 

R.M.S.  LATERAL  ACCN.  *2g(n»E) 

MACH  NS  AT  END  OF  BOOST  M0  ■  Z 

y,  IS  DESIGN  ALTITUDE  IN  THOUSANDS  OF  FEET 
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FIG.  9.  VARIATION  OF  MISSILE  WEIGHT  WITH 
DESIGN  ALTITUDE  FOR  A  SERIES  OF  RANGES. 
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FIG.  10. 
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FIG.  IO.  VARIATION  OF  MISSILE  WEIGHT 
WITH  DIAMETER. 
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FIG.  II.  VARIATION  OF  MISSILE  WEIGHT  WITH 
PAYLOAD  WEIGHT  AND  DENSITY  (PAYLOAD 
=.  WARHEAD  PLUS  GUIDANCE.) 
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FIG.  12.  VARIATION  OF  MISSILE  WEIGHT  WITH 
MAX.  LATERAL  ACCELERATION  FOR  A  SERIES 
OF  R.M.S.  LATERAL  ACCELERATIONS. 
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FIG.  13.  VARIATION  OF  MISSILE  WEIGHT  WITH 
R.M.S.  LATERAL  ACCELERATION  FOR  A  SERIES 
OF  MAX.  LATERAL  ACCELERATIONS. 
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MISSILE  DIAMETER  •  ZP7 
DESIGN  ALTITUDE  •  70,000  FT. 

RANEE  *  87  N.  MILES 


PAYLOAD  WEIGHT  s  700  LB. 

PAYLOAD  DENSITY  »  51 '8  L&/cu.  FT. 
BOOST  MACH  NS  *  Z 
UP-AND- ALONG  TRAJECTORY 
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FIG.  1 4.  VARIATION  OF  R.M.S.  LATERAL  ACCELERATION 
WITH  MAX  LATERAL  ACCELERATION  FOR  A 
SERIES  OF  MISSILE  WEIGHTS 


GVifPl  6118. 


SECRET 


TN.  QW.S89. 

FIG.ISl 


4A00I 


4,200} 


4,000} 


x*|50 


3,800 
WEIGHT 
AT  LAUNCH 
WITH 
BOOSTS 

LB-  3.600 


XslOOk 


3,40ol - 


X*l50l 


MISSILE  DIAMETER  ■  2  FT. 
DESIGN  ALTITUDE  *70,000 FT. 
PATLOAD  WEIGHT  *  700  LB. 
PAYLOAD  DENSITY  »5l-8L6|CUFT. 
MAX. LATERAL  ACCN. -8^ 

R.M.S.  LATERAL  ACCN.»  2  } 
BOOST  FUEL/WEIGHT  RATIO*  0-65 
UP-AND-ALONG  TRAJECTORY 
X  IS  RANGE  IN  N.  MILES 


2,100 

ALL-UP 

WEIGHT 

LB. 

2,000- 
«  WEIGHT 
AT  LAUNCH 
WITHOUT 
BOOSTS 


X«I00K 


X-SO. 


*  1*7  1-8  1-9  2-0  M  :• 

MACH  NUMBER  AT  END  OF  BOOST,  Mo 

FIG.I5.  WEIGHT  AT  LAUNCH, WITH  AND  WITHOUT 
BOOSTS,  AS  A  FUNCTION  OF  MACH  NUMBER  AT 
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FIG.  I  6.  VARIATION  OF  WEIGHT  WITH  RANGE  FOR 
TURBOJET,  ROCKET  AND  RAMJET  MISSILES. 
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FIG.  17  VARIATION  OF  WEIGHT  WITH  RANGE 
FOR  MOVING-WING  AND  FIXED-WING  MISSILES. 
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FIG. 18. 
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FIG.I8.  VARIATION  OF  FUEL/ALL-UP  WEIGHT 
RATIO  WITH  RANGE  ON  UP-AND -ALONG 
TRAJECTORIES  FOR  A  SERIES  OF  MISSILE 
DESIGN  ALTITUDES. 
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FIG.  19.  VARIATION  OF  RAMJET  COMBUSTION  CHAMBER 
DIAMETER  WHEN  EACH  OF  THE  DESIGN  PARAMETERS 
SHOWN  DEPARTS  IN  TURN  FROM  ITS  STANDARD  VALUE. 
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FIG.  21. 
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FIG  21.  VARIATION  OF  WEIGHT  WITH  RANGE  FOR 
STANDARD  MISSILES  (DESIGNED  FOR  70,000  FT. 

ALTITUDE)  ON  UP-AND-ALONG  TRAJECTORIES 
TO  VARIOUS  TARGET  ALTITUDES. 
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MISSILE  DIAMETER  »  EFT. 
DESIGN  ALTITUDE  -70.000FT. 

PATLOAD  WEIGHT  -700 LB. 

PAYLOAD  DENSITY  »  3I-8LR  jcu.FT. 

MAX.  LATERAL  ACGN.  £83 
R.M.5.  LATERAL  ACCN.  •  E3 
BOOST  MACH  NUMBER.  Z 
UP- AND- ALONG  TRAJECTORY. 
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FIG. 22. VARIATION  OF  MISSILE  WEIGHT  WITH 
TARGET  ALTITUDE  FOR  STANDARD  MISSILES 
(DESIGNED  FOR  70,000  FT  ALTITUDE)  ON  UP- 
AND  -ALONG  TRAJECTORIES,  FOR  A  SERIES  OF  RANGES! 
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MISSILE  DIAMETER  •  2  PT. 
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A.M.S. LATERAL  ACCN-  «  2  g 
BOOST  MACH  NUMBER  •  2 
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FIG.23.  VARIATION  OF  RANGE  WITH  TARGET  ALTITUDE 
FOR  STANDARD  MISSILES  (DESIGNED  FOR  70,000  FT. 
ALTITUDE)  ON  UP-AND-ALONG  TRAJECTORIES,  FOR  A 
SERIES  OF  MISSILE  WEIGHTS. 
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FIG.25. 
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FIG.  28. 
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FIG.  28.  VARIATION  OF  WEIGHT  WITH  RANGE 
FOR  STANDARD  MISSILES  (DESIGNED  FOR 
70,000  FT.  ALTITUDE)  ON  BEAM  -  RIDING 
TRAJECTORIES  TO  VARIOUS  TARGET  ALTITUDES. 
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FIG. 29.  VARIATION  OF  WEIGHT  WITH  RANGE  FOR 
STANDARD  MISSILES  (DESIGNED  FOR  70pOO  FT. 
ALTITUDE)  ON  VARIOUS  TRAJECTORIES  TO  VARIOUS 
TARGET  ALTITUDES  yT 
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FIG31  VARIATION  OF  MACH  NUMBER.  NET  THRUST  PARAMETER, 
AND  FUEL  FLOW  WITH  ALTITUDE  FOR  THE  MISSILE  OF  FIG  I 


ON  ITS  STANDARD  CUMB  PATH. 
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FIG.  32. 


10  2.0  30  40  50  6  0  70 

ALTITUDE  JJ  “THOUSANDS  Of  FCtT 


FIG.  32.  VARIATION  OF  THE  ’ATMOSPHERE  FUNCTIONS’ 
H  AND  I  WITH  ALTITUDE  y . 


FIG.  33.  VARIATION  OF  MISSILE  FLIGHT  MACH 
NUMBER  WITH  ALTITUDE  FOR  STRAIGHT- LINE 
CLIMBS  FROM  SEA  LEVEL  TO  TROPORAUSE. 


(b)  FOR  75°  ANCLE  OF  CLIMB. 


FIG.  34.(o it)  MACH  NUMBER  AT  THE  TROPOPAUSE 
M%  AS  A  FUNCTION  OF  NET  THRUST /WEIGHT 
RATIOS  AT  SEA  LEVEL  (Fo)  AND  TROPOPAUSE 
(F1),  FOR  STRAIGHT-LINE  CLIMBS. 
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FIG.35. 


SEA  LEVEL  (F0)  FOR  STRAIGHT  •  LINE  CLIMBS, 
SHOWING  EFFECT  OF  MACH  NUMBER  AT  THE 

TROPOPAUSE  (M*). 


FIG.36.  VARIATION  OF  ANGLE  OF  CLIMB  WITH 
F*  FOR  STRAIGHT-LINE  CLIMBS  IN  THE 
STRATOSPHERE  .  MACH  NUMBER  M*  AT  THE 
TROPOPAUSE.  M“3  AT  DESIGN  ALTITUDE  y, 
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FIG.37.  VARIATION  OF  MACH  NUMBER  WITH 
ALTITUDE  ON  STRAIGHT-LINE  CLIMBS  IN 
THE  STRATOSPHERE  FROM  THE  TROPOPAUSE 
TO  DESIGN  ALTITUDE  y, .  M  >3  AT  DESIGN 

ALTITUDE. 
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FIG.  38.  (a&b)  RAMJET  FUEL  CONSUMPTION 
PARAMETERS  AS  FUNCTIONS  OF  MACH 
NUMBER  AND  ALTITUDE. 
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